To evaluate the association between qualitative and quantitative amplitude-integrated EEG (aEEG) measures at term equivalent age (TEA) and brain injury on magnetic resonance imaging (MRI) in preterm infants. STUDY DESIGN: A cohort of premature infants born at o30 weeks of gestation and with moderate-to-severe MRI injury on a TEA MRI scan was identified. A contemporaneous group of gestational age-matched control infants also born at o30 weeks of gestation with none/mild injury on MRI was also recruited. Quantitative aEEG measures, including maximum and minimum amplitudes, bandwidth span and spectral edge frequency (SEF 90 ), were calculated using an offline software package. The aEEG recordings were qualitatively scored using the Burdjalov system. MRI scans, performed on the same day as aEEG, occurred at a mean postmenstrual age of 38.0 (range 37 to 42) weeks and were scored for abnormality in a blinded manner using an established MRI scoring system. RESULTS: Twenty-eight (46.7%) infants had a normal MRI or mild brain abnormality, while 32 (53.3%) infants had moderate-tosevere brain abnormality. Univariate regression analysis demonstrated an association between severity of brain abnormality and quantitative measures of left and right SEF 90 and bandwidth span (β = − 0.38, − 0.40 and 0.30, respectively) and qualitative measures of cyclicity, continuity and total Burdjalov score (β = − 0.10, − 0.14 and − 0.12, respectively). After correcting for confounding variables, the relationship between MRI abnormality score and aEEG measures of SEF 90 , bandwidth span and Burdjalov score remained significant. CONCLUSION: Brain abnormalities on MRI at TEA in premature infants are associated with abnormalities on term aEEG measures, suggesting that anatomical brain injury may contribute to delay in functional brain maturation as assessed using aEEG.
INTRODUCTION
The incidence of prematurity in the United States remains high, accounting for one in nine live births each year. 1 Preterm infants are at high risk for brain injury, including intraventricular hemorrhage (IVH) and white matter injury, which contribute to poor neurodevelopmental outcomes. 2 Magnetic resonance imaging (MRI) provides improved sensitivity to cranial ultrasound in delineating the anatomicaal location and extent of brain injury. In premature infants, anatomical brain injury on MRI at term equivalent age (TEA) has shown reasonable specificity (79 to 89%) for predicting adverse neurodevelopmental outcomes, including cerebral palsy and cognitive impairment. [3] [4] [5] [6] In contrast, brain function is evaluated using electroencephalography (EEG) and amplitude-integrated electroencephalograph (aEEG). Acute and chronic EEG changes within the first month of life in preterm infants have been shown to correlate with neurodevelopmental delay and cerebral palsy. [7] [8] [9] [10] Limited-channel aEEG yields recordings that can be interpreted by clinical caregivers at the bedside and has been used in preterm infants to evaluate brain maturation and to predict short-and long-term outcomes. 11, 12 High-grade IVH and periventricular leukomalacia impact aEEG measures of cyclicity, continuity and spectral edge frequency (SEF 90 ) in the first few days of life. [13] [14] [15] The Burdjalov score has been developed to assess developmental maturation on aEEG. 16 Although EEG tools have been used extensively to study term and preterm infants in a variety of clinical contexts, the relationship between aEEG measures and brain injury, detected by MRI, at TEA in extreme premature infants remains unknown.
The objective of this study was to evaluate the impact of brain injury, defined using a standard MRI abnormality scoring tool, on quantitative and qualitative aEEG measures performed at TEA. We hypothesized that these measures of cyclicity, continuity and SEF 90 will be lower in babies with moderate-to-severe brain abnormalities than in babies with normal or mild abnormalities on MRI.
METHODS

Study population
Following written, informed parental consent, we recruited a cohort of premature infants born at o30 weeks of gestation and with moderate-tosevere MRI abnormalities on a TEA MRI scan. A contemporaneous group of gestational age (GA)-matched control infants also born at o 30 weeks of gestation with none/mild abnormalities on MRI was also recruited. Both cohorts of infants were part of an ongoing longitudinal brain monitoring and neuroimaging study and had TEA aEEG recording and MRI scans performed on the same day ( Figure 1 ). All infants were admitted to the neonatal intensive care unit of St Louis Children's Hospital between 2007 1 Division of Newborn Medicine, Department of Pediatrics, Washington University School of Medicine, St Louis, MO, USA and and 2015. Infants were excluded from the study if found to have a chromosomal abnormality, congenital central nervous system malformations or suspected/proven congenital infection (for example, HIV, toxoplasmosis, rubella, herpes simplex or cytomegalovirus). The study was conducted with approval from Washington University School of Medicine Human Research Protection Office.
Perinatal and neonatal factors were collected from the medical chart (Table 1) .
aEEG recording
Two sets of hydrogel electrodes (Natus Newborn Care, San Carlos, CA, USA) were applied in the C3-P3 and C4-P4 positions for the newborn infant according to the International 10-20 System. Tracings were recorded using the BrainZ BRM3 monitor (Natus Newborn Care) and analyzed offline using the software AnalyZe (Natus Newborn Care). aEEG recordings were visually inspected to identify a region with low impedance (o 15 KΩ) that was free of movement or muscle artifacts to be used for analysis. The most stable, artifact-free and uninterrupted 60 min from the overall recording were used for quantitative analysis.
Quantitative analysis of aEEG. The minimum mean amplitudes, maximum mean amplitudes and bandwidth span (the difference between the maximum mean and the minimum mean amplitudes) of the aEEG tracing were calculated using AnalyZe. SEF 90 of the right and left hemispheres, defined as the frequency below which 90% of the spectral power was present, was calculated using the same 60-min recording.
Qualitative analysis of aEEG. Visual inspection of the whole aEEG recording was carried out by a trained observer (NMET) blinded to the clinical information of the patient and to their neuroimaging results. The Burdjalov score 16 was computed after inspecting the following four components (continuity, cyclicity, amplitude of the lower border and bandwidth span). Qualitative scoring was computed by two independent, 
Neuroimaging
On the same day of the aEEG recording, infants underwent a non-sedated, non-contrast brain MRI following our institutional neonatal MRI guidelines.
17 T1 and T2 images were obtained using Siemens TIM Trio 3.0 T MRI scanner (Siemens Medical Solutions, Erlangen, Germany).
An MRI scoring tool adapted from Kidokoro et al. 18 was used, which combines quantitative and qualitative measurements of brain abnormalities in preterm infants at TEA. The quantitative scoring included: dilated lateral ventricles dimensions (score 0 to 3), biparietal diameter (corrected to the GA, scored 0 to 3), interhemispheric distance (score 0 to 3), deep gray matter volume (corrected to the GA, scored 0 to 3), and cerebellar volume (corrected to the GA and scored 0 to 3). Qualitative scoring included: white matter cystic lesions, white matter focal signal abnormality, myelination delay, cortical gray matter signal abnormality, gyral maturation, deep gray matter signal abnormality, and cerebellar signal abnormality. The variables were scored by an experienced reader (AMM) blinded to the clinical information of the patients and the corresponding aEEG measures. The abnormality scoring system was divided into four grades: normal (0 to 3), mild (4 to 7), moderate (8 to 11), and severe (412), for the preterm brain at TEA.
Statistical analysis
Perinatal characteristics and electrophysiological measures were compared between the two groups of infants using independent samples t-test for continuous variables and χ 2 square or Fischer exact tests for categorical variables. The association between individual quantitative and qualitative aEEG measures and radiographic brain injury was evaluated by using linear regression for the quantitative measures and binary logistic regression for the qualitative measures due to the unequal between-group variance. The standardized coefficient β values along with their significance value and R 2 values are reported for linear regression models, while the coefficient β values, odds ratios (ORs), associated confidence intervals (CIs) and their significance value are reported for logistic regression models.
We also screened for additional known confounding clinical factors that could independently affect aEEG measures at TEA. These included the presence of a ventriculo-peritoneal shunt, antiepileptic medications and breastfeeding status at the time of the aEEG. These variables likely affect the EEG by independent mechanisms that may not be reflected in MRI injury. [19] [20] [21] [22] [23] These factors were included in the multivariate regression model. A P-valueo0.05 was considered statistically significant. All statistical calculations were carried out using IBM SPSS Statistics, Version 22 (IBM, Armonk, NY, USA).
RESULTS
Sixty infants were recruited for the study with a mean GA of 26 ± 2 weeks and mean birthweight of 867 ± 268 g. The length of the recordings had a median of 3 (range: 1.5 to 4) h. MRI scans and aEEG recordings were obtained at a mean corrected age of 38.0 weeks GA (range: 37 to 42 weeks GA). A total of 46.7% (28/60) of the infants had either no or mild brain injury, while 53.3% (32/60) had moderate-to-severe injury on MRI. None of our subjects received sedation or caffeine at the time of the aEEG but one subject was receiving phenobarbital. See Table 1 for a comparison of infants with no or mild and moderate-to-severe brain injury. Inter-rater reliability for qualitative scoring of aEEG Association of aEEG measures with MRI brain abnormality (SEF 90 was lower in patients with moderate-to-severe brain abnormality on MRI than those with none or mild abnormality (P = 0.01 and 0.008 for the left and right SEF 90 , respectively). There was also a difference in the bandwidth span between infants with no injury/mild injury and infants with moderate/severe injury. Cyclicity, continuity and total Burdjalov scores were lower in the patients with moderate-to-severe MRI abnormality (P = 0.005, 0.02 and 0.001, respectively). All results are shown in Table 2 .
In the regression analysis, left and right SEF 90 showed an association with brain abnormality score with lower values of SEF 90 correlating with higher abnormality scores (F = 9.89, β = − 0.38, P = 0.003 for left SEF 90 and F = 11.26, β = − 0.40, P = 0.001 for right SEF 90 ). Bandwidth span also showed a strong relationship with brain abnormality score (F = 6.10, β = 0.30, P = 0.01). Using logistic regression, cyclicity, continuity and total Burdjalov scores also showed a strong negative relationship with brain abnormality scores on MRI (β = − 0.10, OR = 0.90, P = 0.01 for cyclicity, β = − 0.14, OR = 0.86, P = 0.02 for continuity and β = − 0.12, OR = 0.88, P = 0.004 for total Burdjalov score) ( Table 3) .
Multivariate model
In multivariate regression analysis, MRI abnormality score maintained a significant association with SEF 90 , bandwidth span and total Burdjalov score after adjusting for postmenstrual age (PMA), presence of ventriculo-peritoneal shunt, administration of antiepileptics drugs and breastfeeding status. We found that MRI score coefficients were significant in this model: β = − 0.35 and P = 0.03 (B = − 0.06, 95% CI (−0.1, − 0.01)) for left SEF 90 , β = − 0.35 and P = 0.03 (B = − 0.05, 95% CI (−0.1, − 0.01)) for right SEF 90 , β = 0.45 and P = 0.006 (B = 0.2, 95% CI (0.05 to 0.3)) for bandwidth span, and β = − 0.14 and P = 0.02 (OR = 0.8, 95% CI (0.7 to 0.9)) for total Burdjalov score.
DISCUSSION
To our knowledge, this study is the first to evaluate the association between qualitative and quantitative aEEG characteristics at TEA and brain injury in preterm newborns and demonstrates a functional maturational delay in EEG activity in babies with moderate-to-severe brain injury. Our results showed that brain injury in premature babies affects the SEF 90 , bandwidth span, cyclicity and total Burdjalov score. SEF 90 values were lower in babies with moderate-to-severe injury and this relationship remains significant after correcting for confounding variables. Total Burdjalov score is also associated with MRI severity grade with lower values seen in patients with moderate-to-severe abnormality scores. MRI detected brain abnormalities at TEA in premature infants offer a cross-sectional reflection of events in the perinatal period and neonatal intensive care unit stay. A number of clinical factors have been implicated in the causation of these injuries and include severe-grade IVH, sepsis, severe bronchopulmonary dysplasia, postnatal steroid exposure and necrotizing enterocolitis. 24, 25 Although there is extensive data about early aEEG abnormalities in the acute setting in the neonatal intensive care unit, our results indicate that MRI injury and other clinical factors may also mediate a maturational delay in aEEG measures in this population at TEA.
In our study, cyclicity scores were lower in newborns with moderate-to-severe injury. Burdjalov et al. 16 found that the presence of sleep-wake (SW) cycling had the strongest correlation with postconceptional age, and its presence indicates cerebral maturation and a higher level of integrity between the different central nervous system functions. Multiple studies have shown that the presence of SW cycling in preterm babies matures with age. 26, 27 In term newborns with hypoxic-ischemic encephalopathy, early emergence of SW cycles is associated with improved neurodevelopmental outcomes. 28 In preterm babies, absent or decreased cyclicity early after birth is associated with brain lesions and long-term adverse neurodevelopmental outcomes. 12, 14, 29 Natalucci et al. 30 showed that there is a delay in the maturation of the SW cycling in the first 4 days of life in preterm infants with severe cerebral lesions compared with infants with mild lesions. Our results indicate that abnormal cyclicity persists until TEA in preterm babies with moderate-to-severe brain abnormality. We hypothesize that the brain integrative function is immature due to brain injury in these babies. Sohn et al. 31 conducted serial Burdjalov scoring in premature infants with intraventricular hemorrhage early in the clinical course through 36 weeks PMA. They found that the total Burdjalov scores and cyclicity scores at 36 weeks PMA were significantly lower in subjects who sustained IVH grade IV, with abnormal EEG measures correlating most strongly with the presence of seizures, administration of antiepileptic drugs and insertion of external ventricular drains. 31 In contrast, our study included cross-sectional evaluation of aEEG and MRI-detected brain injury at TEA. The use of MRI as opposed to cranial ultrasound scans enhances the detection of sequelae of severe-grade IVH and in addition provides details of brain injury and subsequent abnormal brain development. 32 Our data show that cyclicity and Burdjalov scores were lower in infants with moderate-to-severe brain injury, regardless of the severity of IVH, and this finding could reflect more widespread injury affecting brain maturation in this population. The differences in the aEEG results between the two cohorts, while statistically significant, do appear small. However, in the Burdjalov maturational scoring system, small differences in the total score correspond to significant differences in maturation. For example, a total score of 11 corresponds to a GA of 34 weeks, and a maximum score of 13 corresponds to 39 weeks GA. Emergence of organized SW cycling likely requires complex interactions among neuronal networks that may be vulnerable to perinatal brain injury. 33 Our findings are compatible with the idea that brain lesions can affect the development of these complex connections and can lead to delay in maturation of state cycling.
SEF 90 is considered a marker of cerebral maturation and increases with GA in healthy newborns as well as in fetal lambs. 34, 35 Inder et al. 15 showed significant lower values in SEF 90 in preterm babies in the first 20 days of life with moderate and cystic white matter injury (SEF = 6.0 to 7.9 Hz) compared with newborns with mild white matter injury or normal MRI (SEF = 9.9 Impact of brain injury in premature infants at term equivalent age NM El Ters et al to 11.2 Hz). Our cohort shows that SEF 90 at TEA continues to be lower in infants with moderate-to-severe brain injury. Our data suggest that, although the SEF 90 increased with increasing PMA in both groups, the increase was significantly lower in the group with brain injury. The difference between the two cohorts was significant but small in magnitude. Whether this is clinically significant is not known yet, but it may indicate a trend toward a delay in maturation, especially that the above-mentioned studies showed that SEF 90 values tend to increase with cerebral maturation. Other authors 36, 37 have noted that the SEF 90 increased from 5.4 to 12 Hz over a period of 10 weeks (from 30 to 40 weeks PMA) of maturation equating to about 0.6 Hz per week of maturation. We found in our cohort that infants with moderateto-severe brain injury had lower values (SEF 90 = 8.8 vs 9.5 Hz), indicating a delay of about 1 to 2 weeks in maturation. SEF 90 is a quantitative and reproducible measure that can be used for assessment of functional maturation at TEA in preterm infants with moderate-to-severe brain injury.
Several investigators 16, [38] [39] [40] have shown that the bandwidth span gets narrower with age in preterm infants at serial PMA, indicating a greater degree of maturation. Our study showed that bandwidth span and continuity are significantly affected by brain injury but to a lesser extent than SEF. Newborns with normal MRI or mild brain injury have a smaller bandwidth span, indicating a greater maturity and continuity in this cohort of patients. 16 Bandwidth span, another marker of maturation, has a lower discriminatory power in determining maturation with a bandwidth span of o 15 μV being considered appropriate in term infants.
This study has some limitations. It consisted of a relatively small sample size and the findings will need to be validated in a larger prospective cohort of infants. The R 2 values obtained in the statistical model are modest and this association between aEEG measures and MRI injury needs validation in a larger cohort. The aEEG recording duration varied considerably between subjects although we only included recordings with a minimum length of recording that allows scoring. In addition, MRI scans were scored by one experienced reader. Although the reviewer was blinded to the aEEG findings, this can contribute to the analytical bias.
We found significant maturational delays on aEEG measures in premature infants with moderate-to-severe MRI brain injury at TEA. We hypothesize that a delay in aEEG maturation represents a delay in functional development associated with brain injury. These findings reflect the potential of aEEG as an additional tool in the identification of preterm infants at risk of adverse neurodevelopmental outcomes at TEA.
